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The Rydberg excitation blockade has been at the heart of an impressive array of recent achieve-
ments; however, state-mixing interactions can compromise its efficiency. When ultracold atoms are
excited to Rydberg states near Fo¨rster resonance, up to ∼ 50% of atoms can be found in dipole
coupled product states within tens of ns after excitation. There has been disagreement in the liter-
ature regarding the mechanism by which this mixing occurs. We use state-selective field ionization
spectroscopy to measure, on a shot-by-shot basis, the distribution of Rydberg states populated dur-
ing narrowband laser excitation. Our method allows us to both determine the number of additional
Rydberg excitations added by each mixing event, and to quantify the extent to which state mixing
“breaks” the blockade. For excitation of ultracold rubidium atoms to nD5/2 states, we find that the
mixing is consistent with a three-body process, except near exact Fo¨rster resonance.
The Rydberg excitation blockade is a coherent effect
that results from electrostatic interactions among atoms
in high-lying states [1–3]. If an ensemble of N ultracold
atoms is excited to a state with k shared Rydberg excita-
tions, interactions cause the energy spectrum of the col-
lective states |N, k〉 to be unequally spaced. The blockade
occurs if the system is driven by a narrowband laser res-
onant with the |N, 0〉 → |N, 1〉 transition. Excitation to
k ≥ 2 states is suppressed because these states are shifted
by more than h × δL, where δL is the laser linewidth.
If the blockade condition is met throughout the entire
sample, exactly one Rydberg excitation is created [4–9].
However, larger samples break up into “single-excitation
domains,” inside of which all atoms coherently share one
excitation [3, 10–13]. The diameter of these domains rep-
resents the correlation distance between the measured
positions of the excitations.
The Rydberg blockade has been employed in a wide
range of applications in the last decade. These include
the implementation of few-body entanglement [4, 5, 7,
14, 15], strongly correlated systems [12, 13, 16], effi-
cient single photon sources [17], single photon switches
and transistors [18, 19], optical nonlinearities [20–22],
direct measurement of dipole-dipole interaction ener-
gies [23, 24], and coherent evolution in room temperature
vapors [16, 25]. However, many exciting applications of
the blockade have been to neutral atom quantum infor-
mation and quantum simulation [1, 26, 27]. Tremendous
progress has been made in using site addressable single
atoms in lattices or optical tweezer arrays [9, 28–34]; how-
ever, larger clouds have also been proposed to implement
quantum gates [1, 27].
For the blockade to be used optimally, processes that
reduce its efficiency must be carefully quantified. For ex-
ample, in Refs. [35, 36] the authors showed that, for cer-
tain quantum numbers, there exist linear combinations of
pair states with differentmj that cause the dipole matrix
element with a nearby state to vanish. These so-called
“Fo¨rster zero” states lead to reduced pair-state energy
shift. Another example can be found in Refs. [9, 34],
where the authors showed that certain combinations of
electric and magnetic fields cause the pair potentials to
cross zero at small separation, leading to resonant exci-
tation of pairs within a domain. A third example is the
so-called “antiblockade” where a detuned excitation laser
can lead to enhanced excitation of atom pairs at a given
separation [16, 37]. In the present work, we characterize
the negative impact of state-mixing interactions on the
blockade near Fo¨rster resonance. This is important to
quantify, since these interactions could cause decoherence
in experiments that do not have state-selective Rydberg
atom detection [9, 34].
We consider the interaction channel 2 × nD5/2 →
(n − 2)F7/2 + (n + 2)P3/2 in rubidium, which becomes
nearly resonant at n = 43 [38]. This leads to an en-
hancement of the interaction energies, ostensibly making
43D5/2 states a good candidate for applications of the
blockade. However, in Refs. [39, 40] it was shown that
up to ∼ 50% of the population could be detected in the
41F and 45P product states within 100ns of excitation
to 43D5/2 in zero electric field. Since each product state
is detuned from the excitation laser by ∼ ±62.5 GHz,
they can only be created together. This, by definition,
breaks the blockade. The authors concluded that sums
over pairwise potentials could not account for the large
magnitude of mixing, but a “complete basis many body
theory” was needed. Later that year, a model for state
mixing was proposed which featured optical pumping to
2a “dark state” in a manifold of three-particle states [41].
The dark state is characterized by one atom each in the
nD5/2, (n − 2)F7/2, and (n + 2)P3/2 states, suggesting
that state mixing is a three-body process. However, sev-
eral years later, Kondo et al performed an experiment
similar to the one in Refs. [39, 40]. They showed that
the number of (n + 2)P3/2 Rydberg excitations created
near resonance scales with the total Rydberg population
squared. They concluded that state mixing is a two-
body process, although they proposed no mechanism to
explain the large rates [42]. To date, this discrepancy has
not been resolved.
In Refs. [39, 40, 42] the fraction of atoms in product
states just after excitation was found from an average
over many experimental cycles. In our experiment, we
observe statemixing on a shot-by-shot basis and record
the number of additional Rydberg excitations added each
time a single mixing event occurs. This allows us to ob-
serve directly whether state mixing near Fo¨rster reso-
nance is a two-body or three-body process. This is an
important question, since it is unknown whether two
qubit gates are immune. In contrast to Ref. [42], we find
that state mixing is consistent with a three-body pro-
cess [41], except near exact Fo¨rster resonance where an
unfavorable pair potential can lead to resonant excitation
of pairs.
Our method has a further advantage. While it is un-
derstood theoretically that state mixing reduces the ef-
ficiency of the blockade [40, 41], the extent of its neg-
ative impact has not been quantified. Large amounts
of mixing, which adds unwanted excitations, have al-
ways accompanied an improved blockade near Fo¨rster
resonance [11, 38, 40]. The blockade-enhancing effect
of larger interaction energies has been entangled with
the blockade-ruining effect of state mixing. By observ-
ing the mixing on an event-by-event basis, we can disen-
tangle these two effects and quantify, for the first time,
the extent to which state-mixing interactions reduce the
blockade efficiency. We find that the number of extra
excitations added by state mixing is smallest on reso-
nance, where the probability to have a state-mixing event
is highest. This lends support to the notion that “ex-
citation domains” remain a useful concept, even in the
presence of significant mixing.
We cool and trap 85Rb atoms in a vapor cell magneto-
optical trap (MOT). We focus an 8.9 W, 1064 nm laser
beam through the cloud to form an optical dipole trap
with peak density 1.2 × 1011 cm−3 and RMS widths
of 7.5 µm and 220 µm along the horizontal and verti-
cal directions. The ground state atom density at the
time of excitation is controlled by turning off the dipole
trap beam and waiting a variable time (0 to 180 µs) for
the atom cloud to expand [40]. We then apply two co-
incident, 200ns excitation pulses to drive the 5S1/2 →
6P3/2 → nD5/2 transitions. The lower transition beam,
with σ+ polarization and wavelength 420.298 nm, is fo-
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FIG. 1: a) Average SSFI spectrum for excitation to 43D5/2,
the T (green) and P (red) gates which have been offset and
scaled for clarity, and the SSFI ramp. b) An example “sorted”
graph: the total number of excitations (NT ) as a function of
the number in (n + 2)P (NP ). The false color shows how
many of each {NP , NT } were detected. The green line is a fit,
from which we extract the slope and intercept.
cused through the short axis of the cloud to a waist
of 40 µm with Rabi frequency 17 MHz. The upper
transition beam, with pi polarization and wavelength
≈ 1017 nm, is focused to a waist of 35 µm with Rabi fre-
quency 19 MHz, perpendicular to both the atom cloud’s
long axis and the lower transition beam. The upper tran-
sition laser is locked to a pressure-tunable Fabry Pe´rot
cavity, which allows us to frequency stabilize and tune its
output [43]. The beams are detuned from the intermedi-
ate 6P3/2 level by 50 MHz, leading to a two-photon Rabi
frequency of 3 MHz. Our lasers have linewidth 1.5 MHz,
yielding a total excitation linewidth of 3.5 MHz. We per-
form state-selective field ionization (SSFI) spectroscopy
50 ns after excitation by applying a high voltage ramp
across a pair of electrodes above and below the atom
cloud. The Rydberg atoms are ionized and the electrons
are accelerated vertically to a dual stage microchannel
plate detector. We count pulses from single electrons us-
ing a gated pulse counter.
Our measurement proceeds as follows. We first aver-
age all pulses from 750 experimental sequences to obtain
an averaged SSFI spectrum, shown in Fig. 1a for excita-
tion to 43D5/2. The central peak corresponds to atoms
in this state, while the left peak corresponds to atoms
in 45P3/2. We use the averaged SSFI spectrum to de-
fine two counting gates. The “P Gate” is set to count
only atoms in (n + 2)P3/2, while the “T Gate” is set to
count all Rydberg atoms. We then record, for each of
1001 experimental sequences, the total number of Ryd-
berg atoms created, as well as the number in the P gate.
We plot the total number of excitations as a function of
the number in the (n+2)P3/2 state, as shown in Fig. 1b.
We then fit this “sorted graph” to a line. The slope tells
us how many extra Rydberg excitations are added each
time an atom is mixed into the (n+2)P3/2 state. This al-
lows us to determine whether state mixing is dominated
by a two-body or three-body process. The intercept tells
us how many excitations would be created if there were
3no state mixing. The difference between the number of
excitations actually created and the y-intercept tells us
how many additional excitations state mixing adds to the
system. This quantifies the extent to which state mixing
breaks the blockade.
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FIG. 2: Top panel: Slopes of the fits to the sorted data as a function of ground state atom density. The error bars are the
uncertainties in the fitted slopes. Horizontal lines are the results of a Monte Carlo model. Red solid line: two body model, blue
dashed line: three body model. Bottom panel: Mandel Q parameter for each dataset. For n = 41 − 43, the horizontal lines
represent the average Q value. For n = 44 and 45, the horizonal lines represent the average Q value for low and high densities,
respectively.
We excite atoms to nD5/2 states, where 41 ≤ n ≤ 45,
for a range of ground state atom densities. The top pan-
els of Fig. 2 show the slopes of the lines fit to the sorted
data as a function of ground state atom density. The
slopes for n = 41 and 42 are an approximately constant
function of density at ∼ 2, while for n = 43 the slopes are
∼ 1.25. For n = 44, the slopes are 1.6 for high density
and get as large as 1.9 for low density, while for n = 45
the slopes vary continuously from 1.55 at high density to
2.2 for low density.
The behavior of these graphs is correlated with the on-
set of the blockade as the density and principal quantum
number are varied. The data in the lower panels of Fig. 2
represent the Mandel Q parameter for the atom number
distributions represented in the upper panel. The Man-
del Q parameter is defined as Q = σ2/N¯ − 1, where σ2
is the dispersion in the total atom number and N¯ is the
mean number of counts. The smaller Q, the narrower the
distribution of excitation number, and the stronger the
blockade [3, 11]. We can see that a stronger blockade is
accompanied by a lower value for the slopes. For n = 41
and 42, the interactions are weak [38] and the system is
not blockaded. For n = 43, the number of atoms per
excitation domain ranges from 14 at the highest density
to 2 at the lowest density, and the system is deeply in
the blockaded regime. For n = 44 and 45, the number
of atoms per excitation domain drops to less than 3 at
approximately 7 and 6 × 1010 cm−3, respectively. Thus
for high densities, the system is blockaded with 4-5 atoms
per excitation domain, while at low densities the excita-
tion is uncorrelated [44].
To understand our results, we consider the values the
slopes of the sorted graphs would have, under ideal condi-
tions. Each excitation event may result in either a single
atom in the target state (nD5/2) or a state-mixing event.
In the blockaded regime, each mixing event will happen
instead of a single excitation to the target state in a
single excitation domain. In the regime of uncorrelated
excitation, each mixing event will happen independently
of any other excitations. Therefore, if state mixing oc-
curs via an m-body interaction, each mixing event will
add m− 1 extra excitations in the blockaded regime and
m extra excitations in the unblockaded regime. Thus,
we expect slopes of 1 - 2 for two-body interactions, and
slopes of 2 - 3 for three body interactions, depending on
whether the system is blockaded or not. All the slopes
in Fig. 2 fall in this range.
However, two factors make it difficult to unambigu-
ously interpret the slopes. Our detector efficiency is not
one, and the number of excitation events fluctuates from
shot to shot due to variations in ground state atom den-
sity, beam overlap, etc. The latter effect causes the mea-
sured slopes to increase, since shots with more excitation
events will be correlated with more atoms in (n + 2)P ,
independent of our model for state mixing. The former
effect causes the measured slopes decrease since a lower
4detector efficiency causes some excitations to be missed,
lessening the impact of the number fluctuations.
To account for these two effects, we have implemented
a simple Monte Carlo model. For each of 105 iterations,
we randomly draw the number of excitation events from
a Gaussian distribution with a mean of 20. We choose
the width so that the final simulated distribution has
the same Q value (to within 0.005) as the data in the
lower panels of Fig. 2. For n = 41 − 43, we use the
average values indicated by the black horizontal lines.
For n = 44 and 45, the Q values vary between low and
high density, so we use two atom number distributions
with different widths. We next randomly assign each
excitation event to either a single atom in nD5/2 or to
a state-mixed event, using the experimentally measured
mixing fractions (Fig. 4b). For a two body process, a
state-mixed event puts one atom each in (n− 2)F7/2 and
(n+ 2)P3/2. For a three body process, we put one atom
each in (n− 2)F7/2 and (n+ 2)P3/2 and a third, specta-
tor, atom in nD5/2 [41]. After simulating each excitation
event, we randomly decide whether each Rydberg count
is recorded, using an assumed detector efficiency. Finally,
we plot the total number of Rydberg counts vs. the num-
ber in (n+2)P and fit a line to get the slope of the sorted
data, just as in the experiment.
To generate predictions, we need to input a value for
our unknown detector efficiency. If we assume 3 body
interactions, the slopes predicted by the model are close
to the data for all n, except for n = 43, using detec-
tor efficiencies in the range of 50 − 85%. For n = 43,
a two-body model works better. We use our detector
efficiency as a free parameter to minimize the χ2 devi-
ation between predicted and measured slopes for all n,
simultaneously. The best fit is 55%, which falls within
the expected range [45]. The horizontal lines in the up-
per panel of Fig. 2 are the results of our model for the
assumption of two-body (red solid lines) and three-body
(blue dashed lines) interactions. For our range of densi-
ties, state mixing is consistent with a three-body process
for all n except 43, while at n = 43 a two-body process
is a better fit [46]. However, we cannot rule out a com-
bination of two- and three-body interactions at n = 43.
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FIG. 3: Pair potential curves for two atoms |nD5/2,mj =
3/2〉+ |nD5/2 ,mj = 5/2〉 state for n = 43 (a) and n = 44 (b).
The angle between the atomic dipoles is zero. The weight of
each curve indicates the overlap with the unperturbed state.
Since the large amounts of state mixing for n = 43 are
consistent with two-body interactions, it is important to
identify a mechanism. In Fig. 3 we show calculations
of the pair potential for two Rydberg atoms, including
terms up to fifth order in the interaction operator [47, 48].
We consider the states |nD5/2,mj = 3/2〉+ |nD5/2,mj =
5/2〉, where n = 43 (a) and n = 44 (b). In panel a, there
are a range of distances between 1.5 µm and 3 µm for
which a two particle potential asymptotically connected
to 41F7/2 + 45P3/2 is near zero energy shift, while main-
taining nonzero overlap with the target state. Therefore,
a range of pair distances could lead to excitation of this
state. In panel b, where the interaction channel is off-
resonant, the zero crossing occurs at a single small radius,
and with smaller overlap with the target state. There-
fore, this state is less likely to be excited. A comprehen-
sive study of the pair potentials would include a range
of n, mj , and angles. However, our example illustrates
the qualitative difference in the pair potentials when the
dominant interaction channel is nearly resonant.
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FIG. 4: (a) and (c): Total number of excitations (black
squares) and intercepts of the sorted graphs (red circles) , as
a function of density for 41D5/2 and as a function of n at high
density, respectively. (b) Fraction of the averaged SSFI signal
in (n−2)F7/2 and (n+2)P3/2 states as a function of principal
quantum number at high density. (d) The average number of
excitations “added” by state mixing events.
While the slopes of the sorted graphs tell us about
the mechanism underlying state mixing, the intercepts
quantify the extent to which state mixing “breaks the
blockade.” In Fig. 4a we plot the average number of ex-
citations and the intercepts of the fits to the sorted data
as a function of ground state atom density, for excitation
to 41D5/2 states. The asymptotic values of these curves
are plotted as a function of n in panel c. Both the total
number of excitations and the y-intercept have a mini-
mum for n = 43 and 44, where the dominant interaction
5channel is approximately resonant. In panel d, we plot
the difference between the average number of excitations
and the intercept of the sorted graphs, which is the num-
ber of excitations “added” by state mixing. We see the
counter-intuitive result that the number of extra excita-
tions added by state mixing is smallest for excitation to
n = 43, while the fraction of atoms mixed into prod-
uct states is largest (see Fig. 4b). We attribute this to
the strong Rydberg blockade for n = 43. The increased
probability for a state-mixing event in a given excitation
domain is overcome by the fact that, for stronger inter-
actions, there are fewer total domains. This provides
evidence that the “domain” picture remains valid in the
presence of state mixing. Note also that the number of
atoms created by state mixing is maximum for n = 41,
where interactions are weakest [38]. The blockade picture
breaks down most completely for this n, allowing for a
larger number of excitation events.
In conclusion, we have demonstrated a new technique
to quantify the impact of state mixing on the Rydberg
excitation blockade. By considering mixing on the sin-
gle event level, we have achieved two goals: to determine
how many extra excitations each mixing event adds, as
well as the extent to which mixing breaks the blockade.
We conclude that, outside of quantum numbers with un-
favorable molecular potential curves, large rates of state
mixing near resonance are consistent with three-body in-
teractions. Therefore, systems with site-addressable sin-
gle atoms will be immune to this decoherence mecha-
nism, as long as a pair can be isolated. Future work will
focus on looking for signatures of a specific three-body
model [41].
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